This paper describes the effects of molecularly thin liquid lubricant films on slider hysteresis phenomena of touch-down and take-off process in hard disk drives. In the experiments, the tested lubricants were conventional Zdol and novel cyclotriphosphazene-terminated PFPE lubricant (A20H lubricant) with different molecular weight. As a result, it is found that the difference between the touch-down velocity and take-off one (hysteresis behavior) for novel A20H lubricant film is larger than that for Zdol. The LDV RMS values for novel lubricant, which indicate the slider bouncing vibration during the slider-lubricant contact, are also larger than that for Zdol. The effects of lubricant film thickness and molecular weight on slider hysteresis behavior as well as slider bouncing vibration are also clarified. In addition, the replenishment performances of test lubricants for depleted tracks due to slider touch down contact are investigated and discussed.
INTRODUCTION
Head-disk-interface (HDI) spacing in magnetic hard disk drives has been decreased to as low as 10 nm in order to achieve ultra-high magnetic recording density. A lubricant film of around 1-2 nm thickness is also coated over the carbon overcoat on hard disk surfaces in today's hard disk drive systems. With the growth of magnetic recording density, the HDI spacing of the head has been reduced to such an extent that the effect of the ultra-thin lubricant films is becoming more evident. In this paper, the effect of two kinds of molecularly thin lubricant films, which have different end-groups, on nanospacing flying head slider hysteresis behavior for the touchdown and take-off process has been studied. The effects of lubricant film thickness and molecular weight on slider hysteresis behavior as well as slider bouncing vibration also have been investigated. In addition, the replenishment function of tested lubricants for depleted tracks due to slider-disk contact has been examined by using the surface reflectance analyzer (SRA) and the comparison of replenishment performances between two lubricant films is discussed.
EXPERIMENTAL

1.TEST DISK SUBSTRATE AND LUBRICANTS
The substrates used for these experiments were 2.5-inch glass disks coated with an amorphous carbon overcoat film. The average surface roughness was about 0.6 nm, as measured by atomic force microscopy (AFM). The tested lubricants were novel cyclotriphosphazene-terminated PFPE lubricants (A20H) and conventional Zdol.
2.EXPERIMENTAL SETUP AND PROCEDURE
The experimental setup consists of air bearing spindle, a slider mount fixture, a LDV unit, an AE sensor, and slider load/unload mechanism. The slider dynamics was monitored by using LDV systems. The slider used in this study was a dualetched negative pressure pico-slider. The experimental procedure is as follows: Disk relative velocity was lowered from about 5 m/s to 1.8-3.1 m/s at 0.1 m/s velocity step every one minute after the slider dynamic load in order to force the test slider to contact with the disk surface. After the slider-disk contact, the disk surface velocity is raised to 4-5 m/s at the same procedure. After these experiments, the disks were examined with the surface reflectance analyzer (SRA). Figure 1 shows the experimental results for the slider touchdown and take-off characteristics in the case of Zdol and A20H lubricants, respectively. In other words, the figure indicates the relationship between the LDV RMS values and relative speed. From this figure, it can be seen that the slider has the hysteresis behavior. The interesting feature is that the difference between the touch-down velocity and the take-off one for A20H lubricant is larger than that for Zdol. This shows that the 
EXPERIMENTAL RESULTS AND DISCUSSION
On the other hand, it becomes clear that the strength of interactions between the lubricant and DLC film for A20H is bigger than that for Zdol [1] . Therefore, it is suggested that A20H lubricants prevent the test slider's flying after the sliderdisk contact more than Zdol. In order to make this clear, we repeated the same touch-down and take-off cycle test twice without track access in the case of A20H lubricant, decreasing the ambient pressure in the test disk enclosure. As a result, we could find that the second touch-down pressure was almost the same as the first take-off pressure. Therefore, it was confirmed that the hysteresis was due to lubricant pick-up by the sliders in the case of A20H lubricant. In addition, it is also seen that the LDV RMS values for A20H lubricants, which indicate the slider bouncing vibration, is larger than that for Zdol. This may be because the mobility of A20H lubricants is less than Zdol. In fact, the lubricant mobile layer or lubricant mobility suppresses the slider vibration when the slider contacts with the disk [2] . In the case of Zdol, the touch-down velocity becomes smaller and the hysteresis of touch-down and take-off velocity becomes larger as the lubricant film thickness increases in this experiment. This may be due to the mobile lubricant layer effect. On the other hand, in the case of A20H, we can see that the hysteresis becomes smaller as the lubricant film thickness increases, in contrast with the case of Zdol. Regard to the slider bouncing vibration, it is also seen that the LDV RMS values for thicker lubricant are larger than that for thinner lubricant in both Zdol and A20H lubricant cases.
Figures 4 and 5 show the typical examples of replenishment performances for Zdol and A20H lubricant, measured by using the surface reflectance analyzer (SRA).
From these figures, it is seen that the depleted area of Zdol can be replenished after 12 hours, while A20H lubricant almost can not replenish the depleted area. Therefore, the rate of Zdol reflow into the depleted track is much more rapid than that of A20H lubricant. These results again imply that the mobility of the A20H lubricant film is less than that of the Zdol lubricant film. 
SUMMARY
The effects of ultra-thin lubricant films on slider hysteresis behavior were investigated. In became clear that slider hysteresis depends on the end group of lubricant films as well as the lubricant film thickness.
